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(54) Implantable cardioverter defibrillator having a rechargeable, fast-charging battery and 
method thereof 



(57) An implantable cardiac device has a pulse gen- 
erator configured to generate electric shocks for delivery 
to a patient's heart. The device has an output capacitor, 
and connected charging circuitry. A first battery is 
switchably coupled to the charging circuitry, and has a 
high current flow rate to rapidly charge the capacitor. A 
second battery is switchably connected in parallel to the 
first battery, and is operable to recharge the first battery. 



A detector coupled to the charging circuitry detects 
when the recharging current is above a predetermined 
threshold indicative of abnormal recharging. A controller 
is programmed to enable the charging circuitry to pro- 
duce the shocks, and to disable the second battery 
whenever an abnormal recharging current is detected. 
The controller may operate to connect the batteries on 
anti parallel whenever an abnormal recharging current 
is detected. 
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Description 



[0001J This invention relates to electronic compo- 
nents for implantable medical devices, and more partic- 
ularly implantable cardioverter/defibrillators having re- 
chargeable fast charging batteries. 
[0002] Implantable Cardioverter Defibrillators (ICDs) 
are implanted in patients susceptible to cardiac tachyar- 
rhythmias including atrial and ventricular tachycardias 
and atrial and ventricular fibrillation. Such devices typi- 
cally provide cardioversion or defibrillation by delivering 
low voltage pacing pulses or high voltage shocks to the 
patients heart, typically about 500-800V. The ICD oper- 
ates by detecting a fast heart rate or tachyarrhythmia 
upon which a battery within the device housing is cou- 
pled via an inverter to a high voltage capacitor or capac- 
itor pair to charge the capacitors. When the capacitor 
reaches a desired voltage, charging is stopped and the 
capacitors are discharged under control of a microproc- 
essor to provide a therapeutic shock to the patient's 
heart. 

[0003] While transcutaneous rechargeable battery 
systems have been contemplated, for example as pro- 
vided in U.S. Patent No. 5,991 ,665 to Wang et al., such 
a system has never been implemented in an ICD be- 
cause of the lack of an acceptable battery recharging 
system. Therefore, it is generally expected that the bat- 
tery must store all the energy needed for continuous 
monitoring and analysis of sensed electrogram and oth- 
er physiologic signals, for telemetric communications 
and for potentially numerous shocks over the life of the 
device, and must retain the energy with minimal leakage 
to provide a long service life of at least several years 
even if not frequently employed for shocks during its life' 
Thus, the energy storage capacity of the battery is im- 
portant. 

[0004] In addition, a battery must be capable of high 
current rates needed to charge the high voltage capac- 
itors in a short time, so that a therapeutic shock may be 
delivered within a short time interval after the device has 
detected and diagnosed a need for the shock. If the bat- 
tery has an excessive internal resistance, the current 
flow rate will be limited, delaying capacitor charging 
This may result in syncope, ischemia (oxygen starva- 
tion) of critical organs and tissues. As a general princi- 
ple, the sooner the therapy can be delivered following a 
detected episode, the better prospects are for the pa- 
tient's health. In addition, it is believed that therapy de- 
livered more promptly requires a lower energy therapy 
allowing the conservation of the battery's energy to ex- 
tend the device life before replacement is required. 
[0005] Also, an omnipresent concern with implantable 
devices is device volume. A small device permits more 
flexibility in implant location, and provides improved pa- 
tient comfort. There is generally a trade-off between size 
and storage capacity, with larger batteries providing 
more capacity. To mitigate this trade-off, batteries with 
high energy density (watt-hours per unit volume) are de- 



sired. 

[0006] However, there is a trade-off between energy 
density and the current flow rate discussed above The 
highest density cells, such as Mercury-zinc and Silver- 
s zinc types are suited to applications where a moderate 
current draw occurs, but these have a high internal re- 
sistance that prevents them from providing the high cur- 
rent flow rate needed for rapid capacitor charging 
[0007] Thus, ICD designers have adopted low internal 
10 resistance battery chemistries such as Lithium Silver 
Vanadium Oxide (SVO), using one or more such cells 
These provide the required rapid capacitor charging, but 
at the cost of somewhat compromised energy density 
In addition, SVO and comparable performance batteries 
w are expensive compared to other battery chemistries 
that lack only the needed current output. Also, over the 
life of existing devices, as SVO battery voltage dimin- 
ishes, the time interval between diagnosis of an arrhyth- 
mia and completion of capacitor charging increases so 
20 that the effective device life is limited due to the con- 
cerns noted above about delayed treatment. 
[0008] In the past, certain implantable defibrillators 
were designed to reduce the demand on the battery 
used for critical high current charging duties by employ- 
es mg a separate second cell having higher energy density 
and lower current capacity. This high density cell serves 
device circuitry not requiring high current rates, reducing 
the depletion of the lower energy density cell devoted to 
capacitor charging. While this may permit a slightly ex- 
30 tended life, . or slightly reduced size, the benefits are lim- 
ited, because the low current battery circuitry adds size 
complexity, and introduces a parasitic current load that 
will tend to reduce longevity. 

[0009] In certain rechargeable batteries, including 
35 SVO cells used in ICD devices, there remains an inher- 
ent concern that uncontrolled recharging can generate 
elongated dendrites as electrode surfaces are replated, 
and that in extreme circumstances, these metal den- 
drites can cause shorting. Shorting in a battery will tend 
40 to deplete it rapidly, prevent subsequent recharging, and 
render the device inoperable. This concern exists re- 
gardless of the energy source used for recharging a cell. 
[0010] The disclosed embodiment overcomes the lim- 
itations of the prior art by providing an implantable car- 
^5 diac device. The device has a pulse generator config- 
ured to generate electric shocks for delivery to a pa- 
tient's heart. The device has an output capacitor, and 
connected charging circuitry. A first battery is switchably 
coupled to the charging circuitry, and has a high current 
50 flow rate to rapidly charge the capacitor. A second bat- 
tery is switchably connected in parallel to the first bat- 
tery, and is operable to recharge the first battery. A de- 
tectorcoupled to the charging circuitry detects when the 
recharging current is above a predetermined threshold 
55 indicative of abnormal recharging. A controller is pro- 
grammed to enable the charging circuitry to produce the 
shocks, and to disable the second battery whenever an 
abnormal recharging current is detected. The controller 
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may operate to connect the batteries on anti parallel 
whenever an abnormal recharging current is detected. 
The invention is also useful for general implantable 
medical devices, such as nerve or muscle stimulator or 
even hearing aids or heart pumps. 
[0011] Further features and advantages of the 
present invention may be more readily understood by 
reference to the following description taken in conjunc- 
tion with the accompanying drawings, in which: 

FIG. 1 is a simplified diagram illustrating an implant- 
able stimulation device in electrical communication 
with at least three leads implanted into a patient's 
heart for delivering multi-chamber stimulation and 
shock therapy; 

FIG. 2 is a functional block diagram of a multi-cham- 
ber implantable stimulation device illustrating the 
basic elements of a stimulation device which can 
provide cardioversion, defibrillation and pacing 
stimulation in four chambers of the heart; 
FIG. 3 is a schematic block diagram of output stage 
circuitry of an implantable defibrillator according to 
a preferred embodiment of the invention; 
FIG. 4 is a graph illustrating operating performance 
of the preferred embodiment in comparison to a pri- 
or art device; 

FIG. 5 is a timing diagram illustrating operation of 
the preferred embodiment; 

FIG. 6 is a timing diagram illustrating operation of 
the preferred embodiment; 

FIG. 7 is a schematic block diagram of an implant- 
able defibrillator according to an alternative embod- 
iment of the invention; 

FIG. 8 is a schematic block diagram of an implant- 
able defibrillator according to another alternative 
embodiment of the invention; 
FIG. 9 is a schematic block diagram of switching 
circuitry according to the embodiment of FIG. 8. 
FIG. 10 is a schematic block diagram of an implant- 
able defibrillator according to yet another alterna- 
tive embodiment of the invention. 

[0012] As shown in FIG. 1, there is a stimulation de- 
vice 1 0 in electrical communication with a patient's heart 
12 by way of three leads, 20, 24 and 30, suitable for 
delivering multi-chamber stimulation and shock therapy. 
To sense atrial cardiac signals and to provide right atrial 
chamber stimulation therapy, the stimulation device 10 
is coupled to an implantable right atrial lead 20 having 
at least an atrial tip electrode 22, which typically is im- 
planted in the patient's right atrial appendage. 
[001 3] To sense left atrial and ventricular cardiac sig- 
nals and to provide left chamber pacing therapy, the 
stimulation device 10 is coupled to a "coronary sinus" 
lead 24 designed for placement in the "coronary sinus 
region" via the coronary sinus os for positioning a distal 
electrode adjacent to the left ventricle and/or additional 
electrode(s) adjacent to the left atrium. As used herein, 



the phrase "coronary sinus region" refers to the vascu- 
lature of the left ventricle, including any portion of the 
coronary sinus, great cardiac vein, left marginal vein, left 
posterior ventricular vein, middle cardiac vein, and/or 
5 small cardiac vein or any other cardiac vein accessible 
by the coronary sinus. 

[001 4] Accordingly, an exemplary coronary sinus lead 
24 is designed to receive atrial and ventricular cardiac 
signals and to deliver left ventricular pacing therapy us- 

10 jng at least a left ventricular tip electrode 26, left atrial 
pacing therapy using at least a left atrial ring electrode 
27, and shocking therapy using at least a left atrial coil 
electrode 28. For a complete description of a coronary 
sinus lead, see U.S. Patent Application No. 09/547,277, 

15 filed 12/8/99, entitled "Self-Anchoring, Steerable Coro- 
nary Sinus Lead" (Pianca et al.), and U.S. Patent No. 
5,466,254, "Coronary Sinus Lead with Atrial Sensing 
Capability" (Helland), which patents are hereby incor- 
porated herein by reference. 

20 [0015] The stimulation device 10 is also shown in 
electrical communication with the patient's heart 12 by 
way of an implantable right ventricular lead 30 having, 
in this embodiment, a right ventricular tip electrode 32, 
a right ventricular ring electrode 34, a right ventricular 

25 (RV) coil electrode 36, and an SVC coil electrode 38. 
Typically, the right ventricular lead 30 is transvenously 
inserted into the heart 12 so as to place the right ven- 
tricular tip electrode 32 in the right ventricular apex so 
that the RV coil electrode will be positioned in the right 

30 ventricle and the SVC coil electrode 38 will be positioned 
in the superior vena cava. Accordingly, the right ven- 
tricular lead 30 is capable of receiving cardiac signals, 
and delivering stimulation in the form of pacing and 
shock therapy to the right ventricle. 

35 [0016] As illustrated in FIG. 2, a simplified block dia- 
gram is shown of the multi-chamber implantable stimu- 
lation device 10, which is capable of treating both fast 
and slow arrhythmias with stimulation therapy, including 
cardioversion, defibrillation, and pacing stimulation. 

to While a particular multi-chamber device is shown, this 
is for illustration purposes only, and one of skill in the art 
could readily duplicate, eliminate or disable the appro- 
priate circuitry in any desired combination to provide a 
device capable of treating the appropriate chamber(s) 

^5 with cardioversion, defibrillation and pacing stimulation. 
[0017] The housing 40 for the stimulation device 10, 
shown schematically in FIG. 2, is often referred to as the 
"can", "case" or "case electrode" and may be prog ram - 
mably selected to act as the return electrode for all "un- 

so ipolar" modes. The housing 40 may further be used as 
a return electrode alone or in combination with one or 
more of the coil electrodes, 28 : 36 and 38, for shocking 
purposes. The housing 40 further includes a connector 
(not shown) having a plurality of terminals, 42, 44, 46, 

55 48, 52, 54, 56, and 58 (shown schematically and, for 
convenience, the names of the electrodes to which they 
are connected are shown next to the terminals). As 
such, to achieve right atrial sensing and pacing, the con- 
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nector includes at least a right atrial tip terminal (AR TIP) 
42 adapted for connection to the atrial tip electrode 22. 
[0018] To achieve left chamber sensing, pacing and 
shocking, the connector includes at least a left ventricu- 
lar tip terminal (VL TIP) 44, a left atrial ring terminal (AL 
RING) 46, and a left atrial shocking terminal (AL COIL) 
48, which are adapted forconnection to the left ventricu- 
lar ring electrode 26, the left atrial tip electrode 27, and 
the left atrial coil electrode 28, respectively. 
[0019] To support right chamber sensing, pacing and 
shocking, the connector further includes a right ventricu- 
lar tip terminal (VR TIP) 52, a right ventricular ring ter- 
minal (VR RING) 54, a right ventricular shocking termi- 
nal (RV COIL) 56, and an SVC shocking terminal (SVC 
COIL) 58, which are adapted for connection to the right 
ventricular tip electrode 32, right ventricular ring elec- 
trode 34, the RVcoil electrode 36, and the SVC coil elec- 
trode 38, respectively. 

[0020] At the core of the stimulation device 1 0 is a pro- 
grammable microcontroller 60 which controls the vari- 
ous modes of stimulation therapy. As is well known in 
the art, the microcontroller 60 typically includes a micro- 
processor, or equivalent control circuitry, designed spe- 
cifically for controlling the delivery of stimulation therapy 
and may further include RAM or ROM memory, logic and 
timing circuitry, state machine circuitry, and I/O circuitry. 
Typically, the microcontroller 60 includes the ability to 
process or monitor input signals (data) as controlled by 
a program code stored in a designated block of memory. 
The details of the design and operation of the microcon- 
troller 60 are not critical to the present invention. Rather, 
any suitable microcontroller 60 may be used that carries 
out the functions described herein. The use of micro- 
processor-based control circuits for performing timing 
and data analysis functions are well known in the art. 
[0021] As shown in FIG. 2, an atrial pulse generator 
70 and a ventricular pulse generator 72 generate pacing 
stimulation pulses for delivery by the right atrial lead 20, 
the right ventricular lead 30, and/or the coronary sinus 
lead 24 via an electrode configuration switch 74. It is 
understood that in order to provide stimulation therapy 
in each of the four chambers of the heart, the atrial and 
ventricular pulse generators, 70 and 72, may include 
dedicated, independent pulse generators, multiplexed 
pulse generators, or shared pulse generators. The pulse 
generators, 70 and 72, are controlled by the microcon- 
troller 60 via appropriate control signals, 76 and 78, re- 
spectively, to trigger or inhibit the stimulation pulses. 
[0022] The microcontroller 60 further includes timing 
control circuitry 79 which is used to control the timing of 
such stimulation pulses (e.g., pacing rate, atrioven- 
tricular (AV) delay, atrial interconduction (A-A) delay, or 
ventricular interconduction (V-V) delay, etc.) as well as 
to keep track of the timing of refractory periods, PVARP 
intervals, noise detection windows, evoked response 
windows, alert intervals, marker channel timing, etc., 
which is well known in the art. 

[0023] The switch 74 includes a plurality of switches 
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for connecting the desired electrodes to the appropriate 
I/O circuits, thereby providing complete electrode pro- 
grammability. Accordingly, the switch 74, in response to 
a control signal 80 from the microcontroller 60, deter- 
5 mines the polarity of the stimulation pulses (e.g., unipo- 
lar, bipolar, combipolar, etc.) by selectively closing the 
appropriate combination of switches (not shown) as is 
known in the art. 

[0024] Atrial sensing circuits 82 and ventricular sens- 
to ing circuits 84 may also be selectively coupled to the 
right atrial lead 20, coronary sinus lead 24, and the right 
ventricular lead 30, through the switch 74 for detecting 
the presence of cardiac activity in each of the four cham- 
bers of the heart. Accordingly, the atrial (ATR. SENSE) 
15 and ventricular (VTR. SENSE) sensing circuits, 82 and 
84, may include dedicated sense amplifiers, multiplexed 
amplifiers, or shared amplifiers. The switch 74 deter- 
mines the "sensing polarity" of the cardiac signal by se- 
lectively closing the appropriate switches, as is also 
20 known in the art. In this way, the clinician may program 
the sensing polarity independent of the stimulation po- 
larity. 

[0025] Each sensing circuit, 82 and 84, preferably em- 
ploys one or more low power, precision amplifiers with 

25 programmable gain and/or automatic gain control, 
bandpass filtering, and a threshold detection circuit, as 
known in the art, to selectively sense the cardiac signal 
of interest. The automatic gain control enables the de- 
vice 10 to deal effectively with the difficult problem of 

30 sensing the low amplitude signal characteristics of atrial 
or ventricular fibrillation. The outputs of the atrial and 
ventricular sensing circuits, 82 and 84, are connected 
to the microcontroller 60 which, in turn, are able to trig- 
ger or inhibit the atrial and ventricular pulse generators, 

35 70 and 72, respectively, in a demand fashion in re- 
sponse to the absence or presence of cardiac activity in 
the appropriate chambers of the heart. 
[0026] For arrhythmia detection, the device 10 utilizes 
the atrial and ventricular sensing circuits, 82 and 84, to 

*o sense cardiac signals to determine whether a rhythm is 
physiologic or pathologic. As used herein "sensing" is 
reserved for the noting of an electrical signal, and "de- 
tection" is the processing of these sensed signals and 
noting the presence of an arrhythmia. The timing inter- 

4 5 vals between sensed events (e.g., P-waves, R-waves, 
and depolarization signals associated with fibrillation 
which are sometimes referred to as "F-waves" or "Fib- 
waves") are then classified by the microcontroller 60 by 
comparing them to a predefined rate zone limit (i.e., 

50 bradycardia, normal, low rate VT, high rate VT, and fi- 
brillation rate zones) and various other characteristics 
(e.g., sudden onset, stability, physiologic sensors, and 
morphology, etc.) in order to determine the type of re- 
medial therapy that is needed (e.g., bradycardia pacing, 

55 anti-tachycardia pacing, cardioversion shocks or defi- 
brillation shocks, collectively referred to as "tiered ther- 
apy"). 

[0027] Cardiac signals are also applied to the inputs 
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of an analog-to-digital (A/D) data acquisition system 90. 
The data acquisition system 90 is configured to acquire 
intracardiac electrogram signals, convert the raw analog 
data into a digital signal, and store the digital signals for 
later processing and/or telemetric transmission to an ex- 
ternal device 102. The data acquisition system 90 is 
coupled to the right atrial lead 20, the coronary sinus 
lead 24, and the right ventricular lead 30 through the 
switch 74 to sample cardiac signals across any pair of 
desired electrodes. 

[0028] The microcontroller 60 is further coupled to a 
memory 94 by a suitable data/address bus 96, wherein 
the programmable operating parameters used by the 
microcontroller 60 are stored and modified, as required, 
in order to customize the operation of the stimulation de- 
vice 10 to suit the needs of a particular patient. Such 
operating parameters define, for example, pacing pulse 
amplitude., pulse duration, electrode polarity, rate, sen- 
sitivity, automatic features, arrhythmia detection criteria, 
and the amplitude, waveshape and vector of each 
shocking pulse to be delivered to the patient's heart 12 
within each respective tier of therapy. 
[0029] Advantageously, the operating parameters of 
the implantable device 10 may be noninvasively pro- 
grammed into the memory 94 through a telemetry circuit 
100 in telemetric communication with the external de- 
vice 1 02, such as a programmer, transtelephonic trans- 
ceiver, or a diagnostic system analyzer. The telemetry 
circuit 1 00 is activated by the microcontroller by a control 
signal 1 06. The telemetry circuit 1 00 advantageously al- 
lows intracardiac electrograms and status information 
relating to the operation of the device 10 (as contained 
in the microcontroller 60 or memory 94) to be sent to the 
external device 102 through an established communi- 
cation link 104. 

[0030] In the preferred embodiment, the stimulation 
device 10 further includes a physiologic sensor 108, 
commonly referred to as a "rate- responsive" sensor be- 
cause it is typically used to adjust pacing stimulation rate 
according to the exercise state of the patient. However, 
the physiological sensor 1 08 may further be used to de- 
tect changes in cardiac output, changes in the physio- 
logical condition of the heart, or diurnal changes in ac- 
tivity (e.g. , detecting sleep and wake states). According- 
ly, the microcontroller 60 responds by adjusting the var- 
ious pacing parameters (such as rate, AV Delay, V-V 
Delay, etc.) at which the atrial and ventricular pulse gen- 
erators, 70 and 72, generate stimulation pulses. 
[0031] The stimulation device additionally includes a 
battery 110 which provides operating power to all of the 
circuits shown in FIG. 2. For the stimulation device 10, 
which employs shocking therapy, the battery 110 must 
be capable of operating at low current drains for long 
periods of time (preferably less than 10 \iA), and then 
be capable of providing high-current pulses (for capac- 
itor charging) when the patient requires a shock pulse 
(preferably, in excess of 2 A, at voltages above 2 V, for 
periods of 10 seconds or more). The battery 110 must 



also have a predictable discharge characteristic so that 
elective replacement time can be detected. Accordingly, 
the device 10 preferably employs lithium/silver vanadi- 
um oxide batteries, as is true for most (if not all) current 
5 devices. 

[0032] The stimulation device 10 further includes a 
magnet detection circuitry (not shown), coupled to the 
microcontroller 60. It is the purpose of the magnet de- 
tection circuitry to detect when a magnet is placed over 

10 the stimulation device 10, which magnet may be used 
by a clinician to perform various test functions of the 
stimulation device 10 and/or to signal the microcontrol- 
ler 60 that the external programmer 102 is in place to 
receive or transmit data to the microcontroller 60 

15 through the telemetry circuits 1 00. 

[0033] As further shown in FIG. 2, the device 10 is 
shown as having an impedance measuring circuit 112 
which is enabled by the microcontroller 60 via a control 
signal 114. 

20 [0034] In the case where the stimulation device 1 0 is 
intended to operate as an implantable cardioverter/de- 
fibrillator (ICD) device, it must detect the occurrence of 
an arrhythmia, and automatically apply an appropriate 
electrical shock therapy to the heart aimed at terminat- 
es ing the detected arrhythmia. To this end, the microcon- 
troller 60 further controls a shocking circuit 116 by way 
of a control signal 118. The shocking circuit 1 1 6 gener- 
ates shocking pulses of low (up to 0.5 Joules), moderate 
(0.5 - 10 Joules), or high energy (11 to 40 Joules), as 

30 controlled by the microcontroller 60. Such shocking 
pulses are applied to the patient's heart 12 through at 
least two shocking electrodes, and as shown in this em- 
bodiment, selected from the left atrial coil electrode 28, 
the RV coil electrode 36, and/or the SVC coil electrode 

35 38. As noted above, the housing 40 may act as an active 
electrode in combination with the RV electrode 36, or as 
part of a split electrical vector using the SVC coil elec- 
trode 38 or the left atrial coil electrode 28 (i.e., using the 
RV electrode as a common electrode). 

40 [0035] Cardioversion shocks are generally consid- 
ered to be of low to moderate energy level (so as to min- 
imize pain felt by the patient), and/or synchronized with 
an R-wave and/or pertaining to the treatment of tachy- 
cardia. Defibrillation shocks are generally of moderate 

45 to high energy level (i.e., corresponding to thresholds in 
the range of 5-40 Joules), delivered asynchronously 
(since R-waves may be too disorganized), and pertain- 
ing exclusively to the treatment of fibrillation. According- 
ly, the microcontroller 60 is capable of controlling the 

50 synchronous or asynchronous delivery of the shocking 
pulses. 

[0036] FIG. 3 illustrates an implantable cardioverter/ 
defibrillator (ICD) 10 containing a battery network 110 
connected to conventional defibrillator circuitry 120, all 
55 contained in a metallic conductive housing 1 22. The bat- 
tery network 1 1 0 includes a first or "dense" cell 1 24 and 
a second or "fast" cell 1 26 connected in parallel between 
a ground node 130 and an output node 132, with the 
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battery cathodes connected to the ground node 130, 
and the anodes connected to the output node 132. The 
ground node 130 is connected to or provided by a con- 
ductive metal battery housing 134, which is electrically 
connected to the device housing 122, which serves as 
the device ground, and is in electrical contact with a pa- 
tient in whom it is implanted. An optional current limiting 
device 136 such as a fuse is connected in line between 
the fast cell 126 and the output node 124. The battery 
housing 1 34 may be provided by a single housing, hav- 
ing two separate chambers for the different cells, or by 
two separate housings, each containing one of the cells. 
[0037] An SVO cell that is recharged stores energy by 
removing lithium anions (Li+) from the cathode to the 
anode, increasing the voltage of the cell. When energy 
is drawn from the battery, the material is de-plated, and 
stored energy is released. A typical SVO cell provides 
only a narrow spacing between electrodes, which are 
separated by a polypropylene separator layer. The plat- 
ing during recharging does not generate a perfectly 
smooth surface. Small variations in thickness may oc- 
cur, and in extreme circumstances small spikes or den- 
drites may extend perpendicularly from the surface of 
the plated electrode. While small dendrites are tolera- 
ble, a dendrite growing through the separator may con- 
tact the opposite electrode, causing a short. If charging 
proceeds after the short first occurs, the connection be- 
comes more robust, and resistance of the dendrite de- 
creases, leading to increasingly rapid discharging of the 
battery. Such discharging may also discharge a con- 
nected source battery of any chemistry as long as charg- 
ing efforts are continued. Thus, unchecked dendrite 
growth can damage a rechargeable cell, and deplete all 
cells, rendering the ICD inoperable. 
[0038] The cells 124, 126 are connected directly in 
parallel to each other (the current limiting device 136 
merely providing an ohmic connection in normal oper- 
ating conditions), without any intervening electronic de- 
vices such as switches or regulating devices to increase 
cost, complexity, and/or size. The batteries may be pro- 
vided as cells in separate compartments of the battery 
housing 134 or may be provided as separate batteries, 
each with its own housing. 

[0039] The battery output node 132 is connected to 
the circuitry 120 via an output line 140 extendingthrough 
a sealed passage in the battery housing 134, and is 
electrically insulated from the housing. The circuitry 1 20 
includes a controller and switching block 142 having a 
power input connected to the battery output line 140, 
and includes circuitry needed for pacing, arrhythmia de- 
tection, and other needed device functions. The control- 
ler has a power output line 1 44 connected to a DC-to-DC 
voltage converter 146, which is connected to a pair of 
high voltage capacitors 150, 152. A control signal line 
154 from the controller 142 is connected to the gate of 
a FET 156 connected between the DC to DC voltage 
converter 1 46 and ground, so that a pulsing current may 
be used to generate a high voltage to charge the capac- 



itors 1 50, 1 52. In the preferred embodiment, with battery 
voltages of about 3V, a potential of up to 800V is devel- 
oped across the pair of capacitors 150, 152. A lead ex- 
tends to the patient's heart from a connector in a header 
5 of the ICD 10, as Illustrated in FIG. 1. The connector is 
coupled to the high voltage capacitors 1 50, 1 52 via lines 
160 and 162 and a high voltage output circuit (not 
shown). 

[0040] In the preferred embodiment, the dense cell 

10 124 is a Lithium Carbon Monofluoride cell such as are 
available from Wilson Greatbatch, Ltd. of Clarence, New 
York with an open circuit voltage of 3.4V at its beginning 
of life (or discharge), and a theoretical capacity of 
1 .0-1 .5 Amp-hrs. This chemistry has the desired quaii- 

15 ties of minimal leakage for a long shelf life, a flat dis- 
charge curve that maintains an adequate voltage while 
its energy is consumed during its useful life, and has a 
relatively low mass density. The volume of the cell is 3 
cc, and the energy density is about 1 .3 W-hr/cc. Alter- 

20 native battery chemistries providing adequate energy 
density include Mercury-zinc and Silver-zinc and any 
comparable chemistry existing or yet to be developed 
with the general characteristics and qualities of relative- 
ly high energy density, a relatively low internal resist- 

25 ance, high cathode efficiency, a flat discharge curve, 
and relatively low mass density. Any chemistry having 
an energy density of greater than 1 .0 W-hr/cc may be 
considered, as long as it has suitable "dense cell" qual- 
ities noted above. 

30 [0041] The dense cell 124 has an internal resistance 
of 20-400 ohms, with 50 ohms being preferred. A resist- 
ance below this range would yield an excessive rate at 
which the dense cell recharges the fast cell 126 after 
depletion, as will be discussed below, wasting heat en- 

35 ergy and potentially causing damage. A resistance 
above this range would yield an excessive time to re- 
charge the fast cell 126, undesirably delaying the deliv- 
ery of a subsequent therapy. 

[0042] The fast cell 126 is preferably a Lithium Silver 

40 Vanadium Oxide cell such as are available from Wilson 
Greatbatch, Ltd. of Clarence, New York with a volume 
of 3cc, and an open circuit voltage of 3.2V at its begin- 
ning of life (or discharge), which is slightly less than that 
of the dense cell 124. Because the dense cell 124 has 

45 a higher voltage under all operating conditions through- 
out the device life, it will serve to charge the fast cell 1 26 
when the fast cell 126 is occasionally used for capacitor 
charging and at least partially depleted, as will be dis- 
cussed below. The voltage difference between the cells 

50 124, 126 is limited to a small fraction of their voltages 
so that the charge rate is limited to prevent overheating 
and damage while recharging the fast cell 1 26. Also, the 
small voltage difference is preferably about 0.3-0.4V, 
which leads to a desirable trickle charge or topping off 

55 of the fast cell 1 26 by the dense cell when the fast cell 
1 26 has been used. As noted above, the limited voltage 
difference provides an inherent current limitation be- 
tween the cells, so that undesirable current or voltage 
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regulation components are not needed, and the cells 
may simply be hardwired in parallel to each other as 
shown. 

[0043] In the preferred embodiment, the fast cell 1 26 
has an open circuit voltage 94% of that of the dense cell 
124, although this number may range between 70% and 
95%. The fast cell 126 has a loaded voltage of 2.5V, 
which is the approximate voltage when the fast cell 1 26 
is connected to the low resistance load of the DC-to-DC 
converter 146. 

[0044] The fast cell 126 has a theoretical capacity 
range of 0.3-0.7 Amp-hrs, which is less than that of the 
dense cell 1 24 by a factor of 1 .4 to 5.0. While some ad- 
vantages of the invention may be achieved with a dense 
cell 124 having a capacity less than or equal to that of 
the fast cell 126, the cost, size, and product life advan- 
tages are best served by a dense cell 124 with greater 
capacity than the fast cell 126. The fast cell 126 need 
only have adequate capacity to provide energy for 1 0 to 
30 capacitor charges; the dense cell 124 is sized with a 
capacity to serve an expected life, both in terms of shelf 
life years, and in terms of a total number of therapy 
shocks delivered. The dense/fast capacity ratio may be 
increased for applications in which a very long product 
life is required (and increased size is tolerated), or for 
devices using lower-energy therapy techniques. The ra- 
tio may be smaller for devices needing only a limited life, 
where smaller device size is needed, and/or where ther- 
apy requires greater energy discharge. 
[0045] The fast cell 126 has an internal resistance of 
0. 5-3.0 ohms, which is less than that of the dense cell 
124 by a factor in the range of 17-1000, leading to a 
corresponding difference in current flow rate capability 
under a comparable load. In the preferred embodiment, 
this resistance ratio is in the range of 20-1 00, and 40 is 
considered optimal. In the preferred embodiment, the 
resistance of the fast ceil 1 26 changes tolerably over the 
device life, beginning at 0.8 ohms, reducing to 0.5 ohms 
in the middle of life, and increasing above 1 .0 ohms at 
the end of life. 

[0046] Alternative fast cell 126 chemistries include 
Lithium Ion with a Cobalt-based cathode, and any com- 
parable chemistry existing or yet to be developed with 
the general characteristics and qualities of very low in- 
ternal resistance yielding a high current carrying capa- 
bility, an energy density that is about one half that of the 
dense cell's 124, and a low leakage rate. 
[0047] In the preferred embodiment, the fast cell 1 26 
has a lithium anode, while the alternative embodiment 
discussed below has a fast cell 126 with a carbon anode. 
Historically, Lithium Silver Vanadium Oxide cells have 
been used in implantable defibrillators due to their high 
current carrying capability. However, recharging cells 
with lithium anodes has previously been avoided in 
many applications, for the following reasons. Cells with 
lithium anode technology are relatively expensive, are 
used in very special applications, and are not readily 
adopted when well known and characterized technolo- 



gies are desired. In addition, lithium anode technology 
could be potentially dangerous in some applications, be- 
cause recharging of such a cell at excessive rates can 
cause overheating and product damage. Thus, the re- 

5 charging of lithium anode cells has been avoided for use 
in implantable medical devices due to the possible risk. 
However the preferred embodiment inherently avoids 
the risk of overcharging by using one battery (of limited 
voltage and current) to charge the fast cell 126. There 

10 js no way for the fast cell 1 26 to receive a higher voltage 
than is provided by the dense cell 1 24, unlike other ap- 
plications where a charge rate regulator may fail and 
lead to damage or injury. 

[0048] FIG. 4 illustrates the performance difference 

is between the preferred embodiment system using the 
different battery chemistries, and a prior art convention- 
al battery system using two identical SVO or fast cells 
126. The tested battery systems have essentially the 
same volume e.g. of (3+3=) 6 cc, so that performance 

20 differences are attributable to the chemistry differences 
and not size. For each battery, the experiment was con- 
ducted by repeatedly placing a load on the batteries, 
causing them to charge a capacitor circuit as in an actual 
device. Such a charge is drawn every two hours during 

25 the experiment, and lasts 1 0 to 30 seconds, with the bat- 
teries being dormant for most of the two-hour period. 
The indicated voltage is the open circuit voltage meas- 
ured prior to a capacitor charge, and not during the time 
the load is applied. 

30 [0049] Line 164 indicates the prior art dual-SVO bat- 
tery, and line 1 66 indicates the hybrid battery of the pre- 
ferred embodiment; the voltage is indicated on the ver- 
tical axis, and power consumed (in Amp-hrs) is indicated 
on the horizontal axis. The total energy delivered is in- 

35 dicated by the area under each curve. An open circuit 
voltage threshold of 2.3V is indicated by threshold line 
170. This threshold is considered the minimum voltage 
needed by the battery to charge the capacitors in a suit- 
ably brief time of no more than 30 seconds after an ar- 

40 rhythmia is diagnosed. When the battery voltage has 
dropped below this level, the device is considered to be 
at the end of its useful life, and is due for replacement. 
[0050] As indicated, the preferred embodiment indi- 
cated by line 1 66 has an operating life greater than the 

45 prior art battery indicated by line 164, and drops below 
the voltage threshold at about 1 .6 amp-hours as com- 
pared to 1 .25 amp-hours for the dual SVO device. Thus, 
in a package of the same size, product life is extended 
by about 30%. In addition, it is notable that the slope of 

50 the line 166 as it passes below the threshold is gentler 
than that of the prior art line 1 64 as it passes below the 
threshold, indicating that where lower thresholds are tol- 
erated, the difference in life becomes even greater. 
[0051] The illustrated experiment is very conserva- 

55 tive, and is more demanding than normal usage. It sim- 
ulates a patient receiving the delivery of therapy every 
two hours for a period of weeks, which would be an ex- 
traordinary medical circumstance. More typical uses in- 
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volve extended periods of days, weeks, months, or 
years between therapy events, allowing the cells to fully 
recover and equilibrate in a manner that is believed to 
increase the performance life differences between the 
two tested battery configurations. The capacitor charge 
duration varies only minimally as needed to ensure a full 
charge, with charges late in a battery's life taking slightly 
longer. For clarity, it is important to note that the batteries 
are not charged; the "charging" referred to herein is the 
charging of the capacitors, caused by discharging of the 
batteries. 

[0052] FIGS. 5 and 6 show a timing diagram 172 of 
the operation of the preferred embodiment of the inven- 
tion during two incidents of high voltage capacitor charg- 
ing and discharging to provide therapy for an arrhyth- 
mia. The diagram has an upper part indicating the volt- 
ages of the batteries overtime, and a lower part indicat- 
ing the capacitor voltage over the same time scale. Line 
174 indicates the voltage across the dense cell 124 20, 
line 176 indicates the voltage across the fast cell 126, 
and line 1 80 indicates the voltage potential of the output 
line 1 60. Critical moments in time are indicated by to, t 1 , 
t 2 , t 3 , and t 4 . 

[0053] During the t 0 -t 1 interval, the batteries are at 
their open circuit voltages indicated above, with the 
dense cell's 124 slightly greater voltage providing a con- 
tinual topping off of the fast cell 126 to ensure that the 
fast cell 126 is maximally saturated. The capacitor is at 
zero voltage, avoiding the leakage of charge to which 
capacitors are typically vulnerable. At t 1f the controller 
142 has detected an arrhythmia and determines that 
therapy is needed. It immediately connects the output 
node 132 of the batteries to the converter 146, and cy- 
cles the FET 1 56 to initiate pulsed current flow to charge 
the capacitors. 

[0054] The fast cell 126 immediately experiences a 
voltage drop to its loaded voltage of about 2.5V, and dur- 
ing the tt-t 2 interval provides the bulk of the current to 
the load at about 2. OA for about 1 0 seconds. In response 
to the initial voltage drop across the fast cell 1 26, the 
dense cell 1 24 voltage begins to drop gradually, as cur- 
rent slowly flows from the dense cell 1 24 to the fast cell 
126 and to the load, at a rate limited by the high internal 
resistance of the dense cell 124. During this charging 
interval, the capacitors are charged to a total voltage of 
750-800V, and the voltages of both cells diminish slight- 
ly under the charging load. 

[0055] At time t^, the controller 142 has detected that 
the capacitors 150, 152 are fully charged, and discon- 
nects the batteries 1 24, 1 26 from the converter 1 46. The 
high voltage capacitors 150, 152 are then caused to de- 
liver their charge to the patient's heart via the leads. In 
practice, the discharge of the high voltage capacitors 
150, 152 is a truncated exponential biphasic waveform 
that is delivered leaving about 1 00 to 200 V on the ca- 
pacitors 150, 152. This voltage then bleeds off overtime 
or is the starting point for the next charge if another 
shock is needed to terminate the arrhythmia. However, 



for illustrative purposes the voltage is shown in the figure 
as dropping to zero. The controller 142 thus ceases the 
charging operations at t 2 , and the cells 124, 126 are re- 
turned to a open circuit voltage. During the ensuing t 2 - 

5 t 3 period, the primary activity is the flow of current from 
the dense cell 124 to the fast cell 126, initially at a rate 
of about 2mA, and gradually diminishing. This recharg- 
es and readies the fast cell 126 for the next possible 
therapy delivery. During this period, the fast cell 1 26 volt- 

10 age rises at a rate proportional its voltage difference 
from the dense cell 124, due largely to the recharging 
effect of the dense cell 124, but also because of voltage 
recovery as the load is eliminated. The dense cell 124 
voltage also recovers slightly in spite of the load of 

15 charging the fast cell 1 26. 

[0056] This recharging interval may vary widely in du- 
ration. In unusual circumstances, a patient may experi- 
ence a ventricular tachycardia "storm" requiring about 
10-15 therapy shocks in a short period. The fast cell 1 26 

20 may providethis need without significant recharging, ex- 
cept that as its voltage drops, the time needed to re- 
charge the capacitors increases. In normal circum- 
stance in which there is a significant interval of hours or 
more between events, the dense cell 124 can fully re- 

25 charge the fast cell 1 26. This permits a fast response to 
the next detected arrhythmia, reducing syncope con- 
cerns. With normally long recharging intervals, the fast 
cell 1 26 can remain ready at nearly its maximum voltage 
for the next event, so that therapy may be delivered 

30 promptly. 

[0057] The dense cell 1 24 is selected to provide a typ- 
ically flat voltage output over its life, so that as it is de- 
pleted, the fast cell 126 may be recharged to nearly the 
same voltage as when the cells were fresh. Further, 

35 even if the dense cell 124 were to diminish in voltage 
overtime, this would not have a significant effect on the 
t-j-t 2 interval, but would only extend the t 2 -t 3 interval, 
which is less medically critical in most instances. At time 
t 3 , another arrhythmia is diagnosed, and the cycle is re- 

*o peated. 

[0058] In the preferred embodiment, the cells 124, 
126 would be contained in a single metal housing 134 
having two chambers, with the chambers sealed with 
respect to each other to isolate the different battery 

45 chemistries. This essentially provides a hybrid or com- 
posite battery with a compact package, and allows a 
short current path between the cells. 
[0059] FIG. 7 illustrates an alternative implantable 
cardioverter/defibrillator (ICD) 200 containing a battery 

so network 202 having a fast cell 204 connected in parallel 
with a dense cell set 206. The fast cell 204 is a Lithium 
Ion rechargeable cell with a carbon anode having a vol- 
ume of 3 cc and an open circuit voltage of 4.1 volts when 
fully charged, and with the same current rating and other 

55 characteristics as the SVO in the preferred embodiment 
discussed above. The dense cell set 206 includes two 
Lithium Carbon Monofluoride (LiCF x ) cells 210, 212 
(dense cells) connected directly in series to each other, 
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the cathode of one connected directly to the anode of 
the other. Each of the dense cells 210, 212 is about half 
the volume of the dense cell 124 discussed above with 
respect to FIG. 1, and the set has a total open circuit 
ceS 0 ' 6 ' 8V ' S ' 9nifiCant,y hi 9 her tnan '"at °< the fast 

[0060] A normally closed relay 214 is serially connect- 
ed between the dense cell set 206 and the output node 
132, with a control line 216 operably connected to the 
controller, and a ground line 220. The relay 214 is oper- 
ated selectively by the controller 142 to be open when 
the output node 1 32 is at a voltage above a threshold of 
4.1V, and to close when the output node voltage 132 is 
below the threshold. The relay 21 4 opens and removes 
the dense cell set 206 from the circuit at 4. 1 V, and closes 
to include the dense cell set 206 in the circuit when the 
voltage drops below 3.8V. This permits charging of the 
fast cell 204 by the dense cell set 206 immediately when 
a capacitor-charging load is placed on the fast cell 204 
By open.ng the relay 214 after the fast cell 204 is ade- 
quately charged and ready for the next event, leakage 
from the dense cell set 206 is prevented, and its energy 
is conserved. In addition, the significant voltage differ- 
ential of 1 .0V may allow fast recharging of the fast cell 
204, while the ability to disconnect the dense cell set 
206 prevents overcharging and the attendant energy 

[0061] An added benefit of the alternative embodi- 
ment of FIG. 7 is that any unavoidable leakage current 
from the always-connected fast cell 204 is not wasted 
but is used by the system to operate the ongoing back- 
ground functions of the controller and other device cir- 
cuitry. 

[0062] FIG. 8 shows an implantable cardioverter/de- 
fibrillator (ICD) 222 with additional circuitry for detection 
and correction of dendrite formation (i.e. , which goes be- 
yond the functions of monitoring and of blowing the 
fuse). The ICD contains a battery network 224 connect- 
ed to defibrillator circuitry 226. As in the embodiment of 
FIG. 3, the battery network 224 includes a dense cell 
124 and a fast cell 126. However, in this case the bat- 
teries are not hard wired together in parallel. The anodes 
and cathodes of each battery are each connected inde- 
pendently to a controller and switch block 230 providing 
the ability to connect either battery selectively to other 
circuitry via the controller 230. 

[0063] The controller 230 has switching circuitry 232 
with a line leading to each electrode of each cell and 
lines leading to ground and to the remainder of the de- 
fibnllator circuitry 226. The switching circuitry 232 has 
the capability to connect the cells 124, 126 together in 
parallel (cathode-to-cathode, anode-to-anode) for nor- 
mal charging, to disconnect the batteries from each oth- 
er, and to connect the batteries together in anti-parallel 
(cathode-to-anode, anode-to-cathode) for forced dis- 
charging. 

The connection to the remainder of the defibrillator cir- 
cuitry 226 provides for capacitor charging in the manner 



discussed above with respect to the embodiment of FIG. 
3 . 

[0064] The controller 230 also contains a current me- 
ter 234 capable of measuring the current flow on one of 
5 the lines connecting to the fast cell 126, so that current 
drawn by the fast cell 126 during charging may be mon- 
itored in real time. 

[0065] During the normal operation in which the fast 
cell 126 is charged by the dense cell 124 following a 
'* delivery of therapy, the current meter 234 monitors the 
rate of current flow. While the internal impedance of the 
dense cell 124 (e.g. slow CFx) limits the current rate 
the current meter serves to detect abnormalities in the 
current, so that connected monitoring circuitry (not 
'5 shown) in the controller 230 may detect a fault and take 
action accordingly. Criteria for current abnormalities po- 
tentially indicating a short or dendrite formation in the 
fast cell 126 may include one or more of the following 
examples, alone or in combination- 

20 

1) an increase in the current above a preselected 
fixed value (e.g. current > 75 mA), 

2) an increase in the current above'a stored nominal 
current curve, as a function of voltage, charge time 
battery age/life or other factors (e.g. current > 75 
mA - 67 x percent of battery life elapsed), 

3) an increase in the current in excess of a prese- 
lected amount (in mA) within a limited preselected 
time interval (e.g. 10 mA in <1.0 seconds), 

4) a percentage increase in the current in excess of 
a preselected amount within a limited preselected 
time interval (e.g. 1 0% increase in <1 .0 seconds) or 

5) a detected rate of change of the current value in 
excess of a preselected rate of change (eg >10 
mA/sec). 



25 



30 



35 



[0066] In the preferred embodiment, a CFx battery for 
the dense cell 124 which has been used to maximum 
capacity and has an unloaded voltage of 3V, may have 
40 an initial internal impedance of 20£2, an end of life im- 
pedance of 200Q, with a current capacity of 150 mA at 
beginning of life, 15 mA at end of life, with about half 
those current values when drawn down at the end of a 
capacitor charging cycle. In such circumstances, a dead 
short arising in the SVO fast cell 126 due to a dendrite 
formation would cause current to flow at a maximum rate 
well above normal charging current levels. 
[0067] A current spike of 5-20% should be detected 
within 0.1-10 seconds to trigger a response to possible 
dendrite formation. Preferably, the interval should be as 
short as possible to prevent a dendrite from growing to 
a robust size so that it can not be corrected. In the pre- 
ferred embodiment, the circuitry is designed to respond 
within 0.1 seconds to detected current spikes It is de- 
» sirable to minimize this interval, but not to such a short 
interval that normal noise and variations are mistaken 
for faults. Because the current level during battery 
charging generally follows a gradually downward trend- 
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ing function, any increase in current may be indicative 
of a dendrite. However, limiting action only to those cur- 
rent increases in excess of a selected magnitude, and/ 
or in a certain time interval serves to avoid false detec- 
tion. 5 
[0068] The circuitry responds to a selected current 
anomaly first by ceasing battery charging, typically by 
disconnecting the electrical connection made by the 
switching circuitry between the dense cell 124 and the 
fast cell 126. This prevents the further growth of a small 10 
dendrite. Then, in a simple system, an alarm may be 
activated to indicate to the patient that a fault has oc- 
curred, and that the device requires servicing. Such an 
alarm may be provided with vibration, or a slight low volt- 
age shock to generate a tingling sensation or muscle 15 
twitching in the patient. During this time, either cell may 
be used to power detection circuitry, with any remaining 
charge stored in the fast cell 1 26 available for treatment 
required prior to device servicing. 

[0069] Preferably, the device circuitry includes circuit- 20 
ryto automatically correct the dendrite formation without 
intervention or servicing. This is. provided, in the illus- 
trated embodiment, by connecting the cells 124, 126 in 
anti-parallel automatically. This generates a much high- 
er current than would a simple shorting of the terminals, 25 
causing the dendrite to deplate. It is also possible that 
some dendrites may be thin enough to generate a high 
enough current density actually to fuse in the manner of 
a fusible link. In some embodiments, a simple brief 
shorting of the SVO terminals may be effective to de- 30 
plate off most dendrites. In either case, the current flow 
through the dendrite is reversed relative to the charging 
process, so the effect of deplating on discharge works 
in concert to reduce the dendrite size (increasing its re- 
sistance), making burnout occur more readily, and con- 35 
serving energy used. During this anti-parallel connec- 
tion period, the device circuitry remains powered by the 
fast cell 126, which while depressed in voltage by the 
effect of the dense cell 1 24 (e.g. from 3.2V to 2.0V), has 
adequate capacity to power the circuitry. The fast cell 40 
1 26 voltage will be depressed less than that of the dense 
cell 124 since the fast cell 126 cell has a much lower 
internal resistance. Some current limiting is necessary 
to prevent the dense cell 124 from being reverse biased, 
which could cause permanent damage to it. 45 
[0070] FIG. 9 shows the switching circuitry 232 in 
greater detail, illustrating how the cells can be connect- 
ed to each other in parallel and anti parallel, for the func- 
tions discussed above. The cathode of the fast cell 1 26 
is connected to the power output line 144 without any so 
intervening switch. The cathode of the dense cell 124 is 
connected to the power output line 1 44 via a switch 236 , 
and to the anode of the fast cell 126 via a switch 240. 
The cathode of the dense cell is connected directly to 
control signal line 1 54, and to the cathode of the fast cell 55 
126 via a switch 242. The anode of the fast cell is con- 
nected to the control signal line 154 via a switch 244. 
Switches 236 and 244 operate in concert as a linked 
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pair, and are closed as shown to connect the batteries 
in parallel for charging, during which switches 240 and 
244 remain open. Switches 240 and 244 are operated 
in concert and closed (while switches 236 and 244 are 
opened) to connect the cells in anti parallel for the pur- 
poses discussed above. 

[0071 ] FIG. 1 0 shows an ICD device 300 having a sin- 
gle fast cell 1 26 that is periodically recharged from an 
external source via a transcutaneous inductive charger 
component 302 connected to the control circuitry 230 
and switching circuitry 232. Should dendrite formation 
during charging be detected by the current meter 234, 
charging is stopped and a contrary current flow is gen- 
erated. This may be generated by feedback to the ex- 
ternal charger, which stops charging and reverses flow, 
or may be conducted by the control circuitry in the man- 
ner discussed above. This embodiment may also in- 
clude a second cell, such as a dense cell to provide a 
greater energy storage capacity between external 
charges. A small capacitor 304 connected to the switch- 
ing circuitry can be used to deliver the reverse current 
for dendrite removal. In this process, it is .first rapidly 
charged by the fast cell 1 26 and then by capacitor 304, 
functioning in the manner of the dense cell 1 24 of FIG. 8. 
[0072] While described in terms of a preferred embod- 
iment, the invention need not be so limited. For instance, 
while discussed in terms of current monitoring for detec- 
tion of dendrite formation, voltage monitoring may read- 
ily be employed. All references in the disclosure and the 
claims to current measurement are intended to intended 
to encompass voltage detection used to infer a current 
value. 



Claims 

1. An implantable cardiac rhythm management de- 
vice, comprising : 

a pulse generator adaptively configured to gen- 
erate electric shocks for delivery to a patient's 
heart comprising: 

at least one output capacitor; 
charging circuitry capable of charging the 
at least one capacitor to produce high volt- 
age shocks for delivery to the patient's 
heart; 

a first battery, switchably coupled to the 
charging circuitry, having the characteristic 
of a high current flow rate to fast charge the 
at least one capacitor; 
a second battery, switchably connected in 
parallel to the first battery, having charac- 
teristics that enable the second battery to 
recharge the first battery; 
a detector, coupled to the charging circuitry 
that detects when the recharging current is 



EP1 205 215 A2 



10 



BNSDOCID: <EP. 



1205215A2_I_> 



19 



EP1 205 215 A2 



20 



above a predetermined threshold indica- 
tive of abnormal recharging within the first 
battery; and 

a controJIer programmed to switchably en- 
able the charging circuitry to produce the s 
high voltage shocks, and to disable the 
second battery whenever an abnormal re- 
charging current is detected. 

2. A device as claimed in claim 1 , characterised in to 
that the detector is operable to detect a percentage 
increase in the recharging current rate in excess of 
a preselected threshold, or an increase in the re- 
charging current in excess of a preselected thresh- 
old, within a limited preselected time interval, or a 15 
rate of change of the recharging current in excess 
of a preselected amount. 



fully charged, and to disable the second power 
source means whenever an abnormal recharg- 
ing current is detected. 

8. A device as claimed in claim 7, characterised In 
that the first power source means is a first battery 
having the characteristic of a first current flow rate 
under a given load, and the second power source 
means is a second battery having the characteristic 
of a second current flow rate less than the first cur- 
rent flow rate under the given load. 

9. A device as claimed in Claim 7 or Claim 8, charac- 
terised in that the first power source means is a 
Lithium Silver Vanadium Oxide cell and/or the sec- 
ond power source means is a Lithium Carbon 
Monofluoride cell. 



3. A device as claimed in claim 1, characterised in 
that the controller is operable, in response to de- 
tecting that the recharging current is above a pre- 
determined threshold, to reverse the current flow to 
the first battery. 

4. A device as claimed in claim 1 , characterised in 
that the controller is operable to increase the plating 
thickness on an electrode of the first battery during 
charging, and is operable, in response to detecting 
that the recharging current is above a predeter- 
mined threshold, to decrease the plating thickness 
on the electrode. 

5. A device as claimed in any preceding claim, char- 
acterised in that it includes switching circuitry op- 
erable to selectably connect the batteries together 
in anti parallel. 

6. A device as claimed in any preceding claim, char- 
acterised in that the first battery is a Lithium Car- 
bon Monofluoride cell and/or the second battery is 
a Lithium Silver Vanadium Oxide cell. 

7. An implantable cardiac rhythm management de- 
vice, comprising: 

capacitance means for providing a high voltage 

shock to a patient's heart; 

first power source means for fast charging the 

capacitance means using a high current flow 

rate; 

second power source means for providing a 
slow recharge current to the first battery, 
detection means for detecting when the re- 
charging current is above a predetermined 
threshold indicative of abnormal recharging 
within the first power source means; and 
control means for switchably coupling the ca- 
pacitance means to the patient's heart when 



10. A device as claimed in Claim 7, characterised in 
20 that the second power source means is a transcu- 
taneous charging system. 

1 1 . A device as claimed in any of Claims 7 to 1 0, char- 
acterised in that the detection means is operable 

25 to detect: a percentage increase in the. recharging 
current in excess of a preselected threshold or an 
increase in the recharging current in excess of a 
preselected threshold, within a limited preselected 
time interval, or a rate of change of the recharging 

30 current in excess of a preselected amount. 

12. A device as claimed in any of claims 7 to 11 , char- 
acterised in that the control means is operable, in 
response to detecting that the recharging current is 

35 above a predetermined threshold, to reverse the 
current flow to the first power source means. 

1 3. A method for recharging a high voltage shocking ca- 
pacitor of an implantable cardiac rhythm manage- 

4 o ment device, comprising the steps of: 

fast charging at least one high voltage shocking 
capacitor using a first battery having high cur- 
rent flow rate whenever a high voltage shock is 

45 needed; 

switchably coupling the at least one capacitor 
to the patient's heart when fully charged; 
recharging the first battery; 
detecting when the recharging current is above 

50 a predetermined threshold indicative of abnor- 

mal recharging within the first battery; and 
in response to detecting when the recharging 
current is above a predetermined threshold, 
disabling the step of recharging. 

55 

14. Amethod as claimed in claim 13, characterised in 
that recharging includes connecting a second bat- 
tery to the first battery. 
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15. A method as claimed in claim 14, characterised by 
connecting the batteries together in anti-parallel in 
response to detecting when the recharging current 
is above a predetermined threshold. 

5 

16. A method as claimed in claim 1 3, characterised in 
that detecting when the recharging current is above 
a predetermined threshold includes determining a 
rate of change of the recharging current. 

10 

17. An implantable medical device comprising: 

a rechargeable first power source adapted to 
provide shock therapy to a patient using high 
current flow rates: 15 

a second power source configured to re- 
charge the first power source using slow 
current flow rates; 

a current flow rate detector disposed in a 20 
current recharge path from the second 
power source to the first power source, that 
detects the recharging current flow rate: 
and 

a control circuit coupled to the current flow 25 
rate detector that is capable of disabling 
the second power source when an abnor- 
mal recharging current is detected. 

30 



35 



40 



45 



50 
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